Liquid chromatography-mass spectrometry (LC-MS)-based lipidomics has been a subject of dramatic developments over the past decade. This review focuses on state of the art in LC-MSbased lipidomics, covering all the steps of global lipidomic profiling.
Introduction
Since its introduction in 2003 [1] , lipidomics has emerged as one of the most promising research fields as a result of advances in mass spectrometry (MS). Direct infusion (shotgun) techniques were prevalent in the beginning of lipidomics research due to their relative simplicity of operation, fast analysis, and possibility to detect various lipid classes within a single run. In most cases, these methods used tandem MS in a class-specific or targeted way, so detection and subsequent identification of unknowns were impossible. This was followed by rapid progress in liquid-chromatography (LC) separation and computational methods [2] [3] [4] . The popularity of LC-MS-based methods can be explained by several advantages over direct infusion techniques, such as more reliable identification of individual lipid species, even at trace level, separation of isomers and isobars, or reduced ion-suppression effects. In addition, current LC instruments permit more effective separation, reduce analysis time and solvent consumption [5, 6] . Currently, direct infusion-MS(/MS) and LC-MS(/MS) methods are reported in the scientific literature in almost equal ratio, while complementary techniques and their combinations, such as gas chromatography (GC), thin-layer chromatography (TLC) and nuclear magnetic resonance (NMR), are less frequently used in lipidomics ( Fig. 1 ). Fig. 2 ) typically start with extraction of the lipids from the biological sample followed by LC separation, which can be performed based on lipid species [e.g., reversed-phase LC (RPLC)] or classes [e.g., normal-phase LC (NPLC)]. Once chromatographically separated, the molecules enter the ion source where they undergo ionization followed by detection of particular ions using a mass analyzer. This can be conducted in an untargeted (full spectra acquisition), class-specific (product-ion scanning, precursor-ion scanning or neutral-loss scanning) or targeted (multiple-reaction monitoring) way [7] . The data handling represents a post-acquisition phase, which is focused on identification and (semi)-quantification of detected lipids, followed by statistical analysis if the primary focus of the study is to distinguish groups of samples.
LC-MS-based lipidomic analyses (
For this article, we reviewed 185 original LC-MS-based lipidomics papers and application notes published over the past decade (see references in Supplementary material, Tables S1 and S2). All the aspects, such as sample extraction, LC separation and MS detection are discussed in subsequent sections of this review. Since our primary focus was on the analysis of complex lipid mixtures in various biological systems, we omitted those papers dedicated to only a single lipid class (e.g., triacylglycerols or fatty acids).
Sample extraction
In general, lipidomics applications require sample-preparation methods that are fast, reproducible, and able to extract a wide range of analytes with different polarities, and that, at the same time, are compatible with the instrumental technique. Analytical strategies, which allow for increased coverage of metabolites determined in one sample, are therefore desirable [8, 9] . In addition, samples may be available in only limited amounts, posing practical requirements to develop efficient, sample-saving experimental procedures. The reviewed studies were focused mainly on the analysis of lipids in plasma or serum, followed by animal tissues, cells, and plant tissues (Fig. 3A) . Generally, 1-100 mg of tissue or 10-100 μL of biofluids (plasma/serum) per analysis were required in the reports reviewed here. Other matrices, which were less frequently studied, applied lipidomics to apicoplasts, microsomes, mitochondria, lipo-protein particles, milk, oxidized oils, Drosophila, microalgae, mesenteric lymph, cerebrospinal fluid, placental microvesicle, synovial fluid, tear samples, sebum, hetapocyte lipid droplets, urine, and solid fecal material (see references in Supplementary material, Table S1 ). Several sample-preparation methods were applied to biological samples with the goal of improving overall lipid coverage, including liquid-liquid extraction (LLE), organic solvent precipitation, and solid-phase extraction (SPE) [10] .
Introduced more than 70 years ago by Folch et al. [11] and Bligh-Dyer [12] (Fig. 3B) , most lipidomics studies still rely on these general extraction procedures, often in modified versions. The Folch method employs roughly a 20-fold excess of a mixture of chloroform/ MeOH (2:1, v/v) for the extraction, while the Bligh-Dyer method is also based on a mixture of chloroform/MeOH (1:2, v/v), but uses a subsequent addition of 1 volume of chloroform and 1 volume of water. As a less toxic alternative, chloroform was replaced with dichloromethane (DCM) in some studies.
In 2008, Matyash et al. [13] introduced a novel sample-extraction procedure employing methyl tert-butyl ether (MTBE). The method involves addition of MeOH and MTBE (1.5:5, v/v) to the sample and phase separation is induced by adding water. The advantage of MTBE extraction over conventional two-phase chloroform-containing solvent systems came from the low density of the lipid-containing organic phase that forms the upper layer during phase separation. This greatly simplified its collection and minimized dripping losses. Furthermore, compared with chloroform, MTBE is non-toxic and non-carcinogenic, which reduces the environmental burden as well as the health risks for exposed personnel. Since its introduction, this method has a tendency to replace chloroform-containing solvent systems. Another chloroform-free extraction method has been developed by Lofgren et al. [14] . The protocol includes an initial one-phase extraction of sample (plasma) into a BuOH/MeOH mixture (3:1, v/v) followed by two-phase extraction into heptane/EtOAc (3:1, v/v) using 1% acetic acid as buffer.
As a simple procedure, organic solvent precipitation with MeOH or ACN (or mixtures with water) can be used, but, in this case, the extraction efficiency for certain lipids is lower than that of chloroform/MeOH or MTBE/MeOH extraction protocols. Last, but not least, SPE methods have also been used for lipidomic profiling, enabling fractionation of lipids. Use of SPE can be recommended if specific lipid fractions interfere with LC-MS measurements, or where in-depth characterizations of lipid classes are required in lieu of more comprehensive lipidomic profiling.
Combined extraction of amphiphilic and lipophilic metabolites
Comprehensive lipidomics targets amphiphilic lipids from palmitoyl lysophosphatidylcholine with a predicted octanol/ water partitioning coefficient (XlogP) of 5.6 over free fatty acids such as palmitic acid (XlogP 6.4) to very lipophilic compounds such as palmitoyl cholesterol (XlogP 16.4) or tripalmitoylglycerol (XlogP 21.9), covering more than 15 orders of magnitude on the octanol/ water coefficient scale. Lipidomic extractions using a single solvent mixture can therefore be expected to be less efficient than two separate extraction steps or use of separate extraction solvent mixtures; however, more elaborate extraction sequences may demand larger amounts of biological samples or require more time, impeding large-scale lipidomics analyses of clinical cohorts of biofluids.
Streamlining the sample-preparation step with subsequent analyses under different LC separation conditions was described recently. Giavalisco et al. [15] analyzed plant extracts obtained using a MeOH/ MTBE/H 2 O extraction protocol. Lipophilic metabolites included in the MTBE/MeOH fraction were separated on a C8 column, while amphiphilic metabolites in the MeOH/H 2 O fraction were separated on a C18 column.
The analysis of both phases obtained during MeOH/MTBE/H 2 O extraction was also reported for plasma and tissue. Specifically, Yang et al. [16] used C18 and hydrophilic interaction LC (HILIC) columns for separation of lipid and polar fractions, respectively, while Whiley et al. [9] and Godzien et al. [8] analyzed those two fractions on C8 and C18 columns. In these last two studies [8, 9] the authors streamlined the procedure even further, performing the plasma extraction within an HPLC vial with a fixed 0.3-mL glass insert and using the same vial for analysis. After centrifugation and phase separation, the upper MTBE/ MeOH phase and the lower MeOH/H 2 O phase were injected onto the LC-MS system directly from the vial/insert by adjusting the instrumental needle height in two separate runs.
An interesting application was developed by Chen et al. [17] , who used the MeOH/ MTBE/H 2 O extraction protocol. After phase separation, the upper, non-polar fraction was evaporated, resuspended in a chloroform/MeOH mixture (2:1, v/v), diluted in ACN/IPA/H 2 O (65:30:5), and used for lipidomics analysis (C8 column). Besides this procedure, the equal relative volumes of the upper and lower phases were mixed, evaporated, resuspended in 20% MeOH, and subsequently separated on a C18 column. This mixture was comparable or superior in yield and reproducibility to a standard 80% MeOH extraction for profiling polar and lipophilic metabolites and led to an increase in lipidomics coverage by 30% relative to using the polar fraction alone.
While the previous studies relied on LC-MS analysis of two different extracts, studies focusing on the use of a single extract separated on different LC systems have also been reported. Garcia-Canaveras et al. [18] used an MeOH/chloroform/H 2 O extraction protocol for human liver followed by separation of lipids on a C8 column and polar metabolites on HILIC and C18 columns. A similar protocol was developed by Ivanisevic et al. [19] , who used an MeOH/ACN/H 2 O extraction scheme for isolating cell metabolites with subsequent analysis on C18 and HILIC columns.
These studies have clearly demonstrated that lipidomics coverage can be significantly increased by analyzing both phases of bi-phase extractions or utilizing LC columns with different separation mechanisms from a single-phase extract. Overall, when using bi-phase extraction of blood, animal or plant tissues, the lipophilic phase (MTBE/MeOH) preferably comprised lipids of different classes such as phospholipids, acylglycerols, free cholesterol and cholesteryl esters, while the amphiphilic phase (MeOH/H 2 O) provided complementary information on hydrophilic lipids, such as acylcarnitines but also on hydrophilic metabolites, such as amino acids, monosaccha-rides, or flavonoids.
Liquid-chromatography separation
Coupling LC to MS substantially reduces some of the limitations linked to direct infusion MS, such as detection of isobars and isomers or ion-suppression effects caused by molecules competing for ionization [6, 20] . Moreover, use of LC gives the possibility to separate or to concentrate different classes of compounds according to their physicochemical properties. Several LC configurations were described for the analysis of complex lipid mixtures (Fig.  2) . The three most important ones include RPLC, NPLC and HILIC (Fig. 4A) . The mechanism of action in RPLC of lipids is based on lipophilicity, which is governed by the carbon-chain length and the number of double bonds. Thus, lipid species containing longer acyl chains are eluted from the LC column later than shorter chain lipids, and saturated acyl structures are eluted later than polyunsaturated analogs. However, NPLC and HILIC typically distinguish lipid species according to their hydrophilic functionalities, so lipids are separated according to their representative polar head-group classes [6, 21] . Other LC techniques used for lipid separation include non-aqueous RPLC, silver-ion RPLC, chiral LC, and supercritical fluid chromatography (SFC). In addition, off-line and on-line twodimensional LC systems can be considered for separation of complex lipids.
Reversed-phase LC
RPLC has been most widely used for the analysis of complex lipids according to our literature search (Fig. 4A ) (see also references in Supplementary material, Table S2 ). Previous studies (before 2004) used relatively long (100-250 mm), narrow and normal-bore (2-4.6 mm I.D.) columns with 3.5-5 μm particle size. Using this setup, HPLC systems operating typically at pressure <400 bar were sufficient. Starting in 2004, improvements in chromatographic performance were achieved by the introduction of ultrahigh-performance LC (UHPLC). Today's UHPLC systems are capable of operations at high back pressures of up to 1200 bar, so columns with sub-2 μm particles can be operated at high mobile-phase flow-rates without loss of resolution under optimized conditions [17, [22] [23] [24] . Recently, "fused-core" technology was introduced, and produces 2.6-2.8-μm particles with a 0.35-0.5-μm porous shell fused to a solid core. The porous shell decreases the diffusional mass transfer path, compared to totally porous particles, so chromatographic resolution might be achieved similar to that with sub-2 μm totally porous particles at comparable or even higher speeds without high backpressures [25] .
Typical methods in RPLC-based lipidomics use short (50-150 mm; typically 100 mm) microbore columns (1-2.1 mm I.D.) with sub-2-μm or 2.6-2.8-μm (fused-core) particle size and C18 or C8-modified sorbents. Examples are the Acquity UPLC BEH C18, Zorbax Eclipse XDB-C18, Acquity UPLC HSS T3, Acquity UPLC BEH C8, Kinetex C18, or Ascentis Express C8 columns. These columns are operated at a flow-rate of 0.1-0.5 mL/min and maintained at temperatures of 40-55°C.
A few applications focused on miniaturization of lipidomics analyses, employing capillary (50- For large-scale lipidomics experiments, such as in clinical cohorts, the total cycle time for the analytical runs is important. Short analytical runs decrease peak capacity, and less retention time-mass spectral features are detected compared to longer LC runs. Hence, longer LC runs promise more comprehensive lipidomic profiles. However, for large-scale human cohort studies or if laboratories face a large number of smaller studies, a compromise has to be reached, balancing the required sample throughput and maximizing lipidome coverage. In 65% of the lipidomics studies reviewed here, reported analysis run times were less than 30 min, including column reequilibration time. In 40% of all reviewed lipidomics applications, further time reductions led to overall cycle times of less than 20 min. As an example, Fig. 5 shows the separation of human-plasma lipids using RP-UHPLC-ESI(+/-)-QTOF-MS with an injection-to-injection cycle of 15 min. Such turnaround times were about three times faster than regular HPLC methods under the same gradient conditions [26] .
Among all phospholipid classes, phosphatidic acid (PA) and phosphatidylserine (PS) tend to elute as extensively broad peaks under the RPLC conditions generally used ( Fig. 6A and B), so class-specific analyses of PA and PS have often been performed with NPLC or by omitting any separation column (flow-injection analysis). Ogiso et al. [27] developed RPLC conditions that reduced peak tailing of PA and PS by adding a small quantity of phosphoric acid into the mobile phase (5 μM) and the injector-rinsing solvent (0.1%) and using a relatively high percentage of water in the starting mobile phase. While phosphoric acid suppressed the unidentified interaction between PA and the flow passage materials within the separation column, a higher percentage of water at the beginning of the LC run enabled PS to be eluted as a narrower peak on RPLC-C18 column used ( Fig. 6C and D) . Since phosphoric acid may harm the ESI source, concentrations higher than 5 μM were not tested.
Normal-phase LC
NPLC represents a separation mechanism complementary to RPLC. The current approach in NPLC lipidomics involves using long (100-250 mm; typically 150 mm), microbore columns (2 mm I.D.) with 3-5-μm particle size, such as Luna 3 μm Silica, LiChrospher Si60, Betasil Silica-100, and Nucleosil 100-5 OH (see references in Supplementary material, Table S2 ). These columns are operated at a flow-rate of 0.1-0.5 mL/min and maintained at temperatures of 20-35°C. If a higher flow-rate during the LC separation is required (1 mL/ min), the column effluent is split (1:1-1:5) and only part of the total effluent enters the ion source.
Highly non-polar solvents with low ionization capacity have to be used during NPLC. The separation starts with a weak mobile phase, such as heptane, chloroform, chloroform/MeOH Compared to RPLC, the analysis time in NPLC is typically longer (30-60 min), which can be attributed to the separation on long columns with large particle-size sorbents and the focus on complete separation of lipid classes. NPLC is suitable for the separation of phospholipids, specifically if PAs are of a great interest, since, in RPLC, this lipid class gives poor peak shapes [27] . As an example, Fig. 7 shows a 40-min separation of rat-brain lipids analyzed by NPLC-ESI(-)-MS/MS [28] .
Hydrophilic interaction chromatography (HILIC)
HILIC represents a separation alternative to NPLC. Unlike NPLC, which uses non-polar solvents and excludes water from the mobile phase, the percentage of water in the mobile phase during HILIC separation can vary (5-40%) and a minimum of 2% is essential to maintain a stagnant enriched water layer on the surface into which analytes may partition [29] . In addition, water-miscible organic solvents are used instead of the water-immiscible solvents used in NPLC. Compared to NPLC, HILIC provides better reproducibility and robustness, and is more compatible with MS [30] .
Lipid separations under HILIC conditions are usually conducted on shorter (100-150 mm) micro-bore columns (2 mm I.D.) with 1.7-5-μm particle size, such as Atlantis HILIC Silica, Acquity UPLC BEH HILIC, Nucleosil 100-5 OH and Spherisorb Si (see references in Supplementary material, Table S2 ). These columns are operated at a flow-rate of 0. 
Supercritical fluid chromatography (SFC)
SFC using columns packed with sub-2-μm particles is an emerging technique in fast lipid profiling (<20 min analysis time). Supercritical fluids have higher diffusion coefficients and lower viscosities than regular liquids, thereby permitting higher throughput analysis than LC [31] [32] [33] . In addition, supercritical CO 2 used as a mobile phase has almost the same polarity as hexane, and its polarity can be adjusted by adding a modifier (usually MeOH). These advantages make SFC suitable for the simultaneous analysis of diverse lipids with a wide range of polarities. It has been reported that the detection sensitivity in SFC was higher than that in LC, and several structural isomers were successfully separated using SFC but could not be separated by LC [32] [33] [34] [35] .
Two-dimensional liquid chromatography (2D-LC)
The fact that LC techniques can separate lipids according to two independent molecular properties [e.g., hydrophobic character of the molecule (RPLC) and electrostatic forces related to the compound polarity (HILIC)], offers great opportunities for 2D-LC to characterize further complex lipidomes [21] . 2D-LC of lipids can be performed in on-line or off-line modes.
The advantage of off-line 2D-LC is the full optimization of separation conditions in both dimensions. However, this approach is more laborious and more time consuming, involving the following steps: collection of each fraction, followed by solvent evaporation, resuspension of dry extracts in solvent(s) compatible with the second-dimension LC column, and, finally, using a second-dimension LC method. However, on-line 2D-LC can be automated, but the chromatographic resolution in the second dimension is compromised at the cost of sampling time (typically 1 min) for the first dimension [36] . In most cases, HILIC or NPLC is used in the first dimension to fractionate different lipid classes followed by analysis of collected fractions by RPLC in the second dimension. Since the analysis time can significantly increase when using off-line 2D-LC (1-2 h per single analysis), it is obvious that this instrumental technique is more suitable for comprehensive characterization of sample extracts rather than large-scale lipidomic screening studies.
Ionization and mass spectrometric detection 4.1. Ionization techniques
The choice of ionization mode used in LC-MS analyses plays a major role in the lipidome profile that will be obtained. One methodology cannot cover all types of molecules, since some lipids are better ionized in one ionization mode while other lipids are ionized more efficiently in another mode (Table 1 ) [23, [37] [38] [39] [40] . Ionization efficiency can be enhanced by the additives dissolved in the mobile phases leading to formation of different type of adducts. Electrospray ionization (ESI) in positive mode is the most common mode in LCMS because it can effectively ionize a wide range of lipids (Fig. 4B ). However, negative ionization provides superior results for certain lipid classes, such as phosphatidylinositol, phosphatidylserine, and phosphatidic acid [41] . Atmospheric-pressure chemical ionization (APCI) is preferred for more non-polar lipids (e.g., triacylglycerols) and has been used in a smaller number of lipidomics investigations.
In more detail, when using RPLC separation, 53% of studies acquired data in both ESI(+) and ESI(-) and 38% in ESI(+) only. However, in NPLC/HILIC, both ionization modes were used in 45% of applications, and 41% of studies acquired data in ESI(-) only. The explanation of these differences can be related to NPLC/HILIC methods being focused mainly on detection of phospholipids, where ESI(-) permitted effective ionization of these lipids, while RPLC analyses usually covered also lipids that effectively ionize in ESI(+), such as acylglycerols and cholesteryl esters.
Ion mobility mass spectrometry
Ion mobility-mass spectrometry (IM-MS) is an emerging technology that was only recently applied in lipid analysis [42, 43] . In principle, IM-MS enables the differentiation of ions by size, shape, charge, and mass based on their different mobilities in low or high electric fields. This provides important supplementary information to the LC separation of molecules and MS separation of ions. IM-MS can be applied to the separation of isobaric compounds, the reduction of high background noise, and the separation of endogenous matrix interferences from target analytes to increase the selectivity.
Jackson et al. [44] observed several trends when using IM-MS in lipid analysis, including mobility differences based solely on phospholipid acyl-chain degree of unsaturation, type of linkage, and the type of polar head group. Distinguishable, and sometimes baseline resolvable, mobility drift-time differences between classes of phospholipids were observed.
The effect of the number of double bonds on the mobility of lipid ions was investigated by Kim et al. [45] for phosphatidylcholines. A single double bond was found to account for a 5% shift in the mobility-time deviation from the average mobility-mass correlation line of phosphatidylcholines, while each additional double bond appears to shift the mobility time further by ~1%.
Shah et al. [46] took advantage of IM-MS in conjunction with UHPLC-ESI(+)-QTOFMS to gain quantitative and deeper qualitative structural insight from a single experiment (Fig. 8) .
The chromatographically co-eluting human-plasma lipids were further resolved by IM tube drift time and then subjected to low-energy and high-energy fragmentation without preselecting respective precursor species (MS E mode). The fragment ions produced in a highenergy mode were aligned with their precursor ions in a low-energy mode. By aligning intact molecular spectra and fragment spectra for these lipids at a given IM drift time and chromatographic retention time, much cleaner fragment-ion spectra were obtained for structural elucidation.
Mass spectrometric detection
Over the past decade, various mass spectrometers introduced were capable of selective, sensitive detection of lipids in a comprehensive way. Of all LC-MS lipidomics applications, 80% relied on a mass spectrometer capable of full mass spectra acquisition, usually in highresolution (HR) mode, instead of target mass spectra acquisition using multiple reaction monitoring (MRM) or selected ion monitoring (SIM). The key limitation of MRM and SIM approaches is that monitoring only specific transitions or specific ions, respectively, excludes recording and post-acquisition data reprocessing of unidentified (untargeted) lipids.
The basic characteristics of the quality of a high-resolution mass analyzer are resolving power, mass accuracy, isotope-profile error, sensitivity, maximum spectral acquisition speed, linear dynamic range, and availability of tandem-MS function [43] . For MRM instruments, low dwell time is an important parameter because hundreds of transitions need to be collected within a short time. TOF-based mass spectrometers, such as time (Fig. 4C ).
Current HRMS instruments used in lipidomics are available with a broad range of resolving power (10,000-450,000 full width at half maximum, FWHM) with mass accuracy typically better than 1-5 ppm. At the same time, instruments have become more sensitive. This improvement in sensitivity permits us to obtain information-rich LC-MS data with minimal sample amounts to be injected. It is difficult to answer the frequently asked question: "How much mass resolving power is enough?". In general, the higher the mass-resolving power the better, if it does not compromise sensitivity, linear dynamic range, and acquisition speed. The advantage of high mass-resolving power is that ions having the same nominal mass can be resolved partly or completely [47] . Although current MS systems are capable of sub-ppm mass accuracy, this is still insufficient to exclude enough candidates with complex elemental compositions. Kind and Fiehn demonstrated that use of isotopic abundance patterns as a single further constraint may remove >95% of false candidates in an untargeted search for the molecular formulas of unknowns in metabolomics [48] .
For an MS/MS investigation, different collision energies are typically measured. The precursor ions can be selected manually based on previous MS 1 data acquisition, using datadependent acquisition (DDA) or data-independent acquisition (DIA) (also referred to as nonselective tandem MS). The last two approaches represent the most effective MS/MS data collection within a single LC-MS/MS analysis.
DDA consists of:
1. an initial survey scan (full MS scan), where precursor ion species exceeding a predefined threshold are isolated using the Q 1 quadrupole;
their activation via collision-induced dissociation (CID); and,

detection of fragments (product ions).
To avoid repetitive acquisition of the same precursor ions, it is possible to create an exclusion list to exclude certain ions (e.g., background ions, and reference ions used for mass drift correction) or to exclude already acquired ions for a given time (dynamic exclusion).
The use of non-selective tandem MS methodology has been enabled on (Q)TOF (Waters, MS E ; Agilent, All Ions MS/MS; and, Leco, MSc 2 ) and orbital ion trap (Thermo Scientific; All Ion Fragmentation, AIF) instruments. This technique provides low-energy, intact, molecular spectra and corresponding high-energy fragment spectra simultaneously without preselecting any specific ions. However, when co-elution occurs, combining fragment ions with precursor molecules for structurally similar lipid species can be difficult, as they may share the same fragment ions [46] . This limitation can be overcome to some extent for partly overlapped chromatographic peaks by using software deconvolution algorithms that merge precursor ions from MS 1 and corresponding fragment ions from MS/ MS analyses based on retention-time differences.
Recently, acquisition of all theoretical fragment-ion spectra (MS/ MS ALL SWATH, AB SCIEX) using sequential windows for selection of precursor ions was presented [43] . The Q 1 quadrupole is stepped in (typically) 25-amu increments across the mass range of interest, passing a 25-amu window through into the collision cell. The transmitted ions are fragmented and the resulting fragments are analyzed in TOF analyzer at high resolution. Setting narrower sequential mass windows for precursor-ion selections decreases the risk of spectral co-elutions during the analysis of complex lipid extracts in comparison to previous DIA approaches where all precursor ions over the given mass range (e.g., m/z 100-2000) are fragmented simultaneously.
Because certain lipid classes can be ionized in only one polarity mode, mass spectrometers capable of fast polarity switching are desirable because parallel measurements of both polarity modes are performed within a single run. The fast polarity switching in case of HRMS is demanding technically since the electronics need a certain time to stabilize high voltages, so only a few HRMS systems are capable of relatively fast polarity switching [43] .
Gallart-Ayala et al. [24] explored the potential of a single-stage orbital ion-trap instrument (Thermo Scientific, Exactive) for lipidomic profiling. The instrument was operated in polarity-switching mode at a mass-resolving power of 50,000 FWHM. In addition, during the analysis, AIF experiments were carried out in two different regions: a high-energy collisional dissociation (HCD) cell and in-source collision-induced dissociation (CID). The best MS/MS conditions were obtained at 30 eV in the HCD cell and 50 eV in the in-source CID. Under these conditions the combination of the AIF MS mode with the polarityswitching mode allowed identification of several lipid classes (LPC, LPE, PC, PE, PI, SM, TG) within a single run.
Polarity switching in combination with data-dependent MS/ MS analysis on a quadrupole/ orbital ion trap MS (Thermo Scientific, Q-Exactive) was also employed for lipidomic profiling by Yamada et al. [49] . Using LipidSearch software, 495 lipids belonging to different lipid classes (LPC, LPE, LPI, LPG, PC, PE, PS, PI, PG, PA, SM, TG) in mouse plasma were identified. However, any instrument has a limited dynamic range for quantification, beyond which lipids may still be identified but saturation of the detectors occurs (e.g., multi-channel plates), limiting the capability to perform valid quantifications. It may therefore be advisable to run positive and negative ESI lipidomic profiles on two instruments with different sensitivities, because, often, lipids that are amenable to negative ESI conditions are at far lower concentrations than lipids that perform best at positive ESI techniques.
Data processing
Raw data processing is the first important step following data acquisition. In LC-MS analysis, three dimensions represent retention time, m/z value, and signal intensity. The dataprocessing pipeline usually proceeds through multiple stages, including:
filtering;
feature detection;
3. alignment; and,
normalization.
Filtering methods process the raw signal with the aim of removing the noise or baseline. Feature detection is conducted to identify all signals caused by true ions and avoid detection of false positives. This step may also involve a deconvolution method and isotope-pattern detection. Alignment methods are needed for correcting retention-time differences between runs and combining data from different samples. An important part of data processing is the "gap filling" algorithm. If this is not the part of data-processing software, many zero values in the final extracted feature set are present, obscure later statistical and chemometric data analyses and may result in incorrect biological interpretations. Normalization steps remove factors causing unwanted systematic bias in ion intensities between measurements or during sample-preparation steps.
Final reports are generated by merging the three-dimensional data into a two-dimensional data matrix in the form of a peak-table containing m/z value, retention time, and corresponding intensity for every detected peak. Detailed description of these approaches can be found in specialized review papers [50, 51] .
The application of different peak-processing software can have a significant effect on the end result of a study. There are four possible approaches:
1. using vendor software (e.g., MarkerLynx, MarkerView, Mass Profiler Professional, MassHunter/Genespring, MetQuest, SIEVE);
2. using special software from independent developers that can handle most of MS data (e.g., GeneData);
3. using open access software (e.g., XCMS, MZmine, MetAlign, IDEOM); and,
4.
developing their own script (e.g., Matlab, R) [52] .
The high impact of the choice and the parameters in various data-processing platforms has raised questions concerning the ability to compare results from different laboratories. To study this problem, Gurdeniz et al. [53] compared three different software applications (MarkerLynx, MZmine, and XCMS) in finding plasma biomarkers in fed and fasted rats. Overall, the degree of false positive and false negative peak detections, and the capability and the accuracy of gap-filling approaches (for false negative peak finding) showed large differences between the data-processing software tools and parameters that were evaluated in this study.
Good laboratory guidelines, community reference samples, and thorough software comparisons are needed to move untargeted LCMS based lipidomics to the realm of accepted protocols in clinical and preclinical research.
Lipid identification and automated annotation
Compound identification is still the bottleneck in LC-MS-based metabolomics. By utilizing MS/MS, the lipid class, carbon-chain length, and degree of unsaturation of fatty-acid components of lipid can be annotated. Although library matches for some of those spectra may be found in MS/MS databases of pure chemical standards, the identification rates are usually low because libraries, such as Metlin, MassBank, and the US National Institutes of Standards and Technology (NIST) database, cover fewer than 20,000 compounds in total. On-line databases and computational tools have been developed for mass spectral lipid analysis (e.g., LipidQA, LIMSA, FAAT, lipID, LipidSearch, LipidView, LipidInspector, LipidXplorer, and ALEX), but they do not provide stand-alone MS/MS spectral libraries [54, 55] . Several commercial MS/MS databases are currently available (e.g., LipidView, AB SCIEX; and, Lipid Search, Thermo Scientific) but there is urgent need for an independent platform.
Recently, LipidBlast was presented as a large, platform-independent MS/MS database, which is freely available for commercial and non-commercial use [56] . Fig. 9 illustrates the creation, the validation, and the application of insilico-generated MS/MS spectra in LipidBlast.
In the 185 reviewed papers, the number of annotated/identified lipids was in the range 32-722. This significant difference can be explained by some studies being focused on in-depth qualitative characterization of lipid extracts instead of quantitative aspects of the method. Considering that, typically, current ESI-MS systems offer only 3-4 orders of magnitude linear dynamic range, it is obvious that, for quantitative methods covering a broad range of lipid classes/ species and concentrations in biological samples, a compromise has to be made with respect to number of detected lipids and the linear dynamic range of the method, unavoidably leading to a lower number of detected and identified lipids compared to qualitative methods where, usually, more concentrated extracts are injected. Specifically, those few studies where the number of annotated/ identified lipids exceeded 350 species were focused mainly on in-depth characterization of lipid extracts [32, 38, 49, [57] [58] [59] [60] , while only 50-300 annotated lipid species were reported when quantification was mentioned as major aim in studies. A deeper examination of particular lipid classes showed that LC-MSbased lipidomics methods most frequently covered phosphatidylcho-lines, followed by other phospholipids (phosphatidylethanolamines, phosphatidylinositols, phosphatidylserines, phosphatidylglycerols), sphingomyelins, di-and tri-acylglycerols, and ceramides (Fig. 10 ).
Double-bond positions and sn-positional isomers are difficult to distinguish by MS, so structures are often reported as a single isomer [61] . Although demanding, several approaches exist to differentiate and to identify double-bond isomers in lipids:
1. high-energy CID;
2. multi-stage fragmentation approaches using highly metallated lipids; and,
3.
ozone-induced dissociation [62] .
Double-bound positional isomers, cis-/trans-isomers, or regioisomers of TG can be separated using silver-ion LC based on formation of weak complexes of silver ions impregnated on the silica or bonded to the ion-exchange stationary phase with π electrons of double-bounds of unsaturated lipids. Chiral LC and non-aqueous RPLC methods have also been used for separation of sn-positional isomers of TG [63, 64] . The drawback of these separation methods was that 1.5-2.5 h were needed for complete separation of lipid mixtures.
Lipid quantification
Subtle variations during extraction and data acquisition cause analytical errors. To compensate for these errors, non-naturally occurring standards can be spiked into all the samples at different stages of the sample processing [6] . In most cases, internal standards are added prior to the extraction by adding a small volume of concentrated stock solution of these standards, or they can be present already as part of the extraction solvents. Alternatively, internal standards can be added just prior to LC-MS analysis, but, in this case, these standards do not correct for possible lower recoveries of specific lipids during the extraction and sample-preparation steps, including the resolubilization prior to LC-MS injection.
The use of reference standards for each target lipid species is not feasible due to their unavailability or prohibitive price, so a compromise has to be made with respect to quantification of lipids in biological samples. Fortunately, a variety of unlabeled (native or non-naturally occurring) and isotopically-labeled ( 13 C, 2 H) lipid standards are now available commercially for this purpose [10] . It should be kept in mind that different lipid species usually have quantitatively different MS responses. For example, instrument responses for both saturated and unsaturated phospholipid species decrease with increasing acyl-chain length. This effect becomes increasingly prominent with increasing overall lipid concentration. Moreover, the degree of acyl-chain unsaturation has a significant effect on instrument response at higher concentrations with polyunsaturated species giving higher intensities than their fully saturated counterparts. Last, but not least, quantitative calibration curves for the different head group classes vary markedly, depending on the solvent mixtures at the point of electrospray ionization [65] .
For analysis of phospholipids, it is acceptable to use synthetic di-saturated phospholipids (di-C14, di-C15 or di-C17), or preferably mixed odd carbon number phospholipids (C13-C15, C15-C17) for each phospholipid class [10] . For MG, DG and TG, mono-, di-and trisaturated species with odd carbon numbers, respectively, are commonly used. The use of odd carbon-chain lipids is also preferred for free fatty acids. For all lipid species, the alternative is use of isotopically-labeled standards. In this case, we are not limited to odd carbon number recommendation.
To achieve lipid quantifications, it is a common practice to normalize the individual molecular ion-peak intensities using an internal standard for each lipid class. The calculated ratio of analyte and internal standard is then multiplied by the concentration of the internal standard to obtain the concentration of a particular analyte. In spite of issues mentioned above, including the problems associated with single-point calibrations, the results can be sufficiently accurate to answer biochemical questions, such as differences between diseased or treated and normal samples [6] . Table 2 summarizes typical internal standards used in lipidomics studies to demonstrate not only the availability of these compounds for different lipid classes, but also the variability within the lipid classes. The use of internal standards has become more and more popular in lipidomics studies. Reviewing the lipidomics papers cited here, we found that at least one internal standard was used in 63% of all studies referenced here. More often, however, authors extended this concept by including at least one internal standard per lipid class.
Quality control in large-scale lipidomics studies
Keeping up high quality of acquired data within a large-scale lipidomics study of more than 1000 samples represents a real challenge for laboratory practice. When performing a lipidomic profiling analysis, changes in instrument sensitivity caused by degradation of the extracts, contamination of ion source by non-volatiles or retention-time shifts may be observed over time. In order to avoid false expectations raised by stating a comprehensive metabolomics approach, it is important that samples are analyzed in a random order, with sample classes randomly spread out across the whole run. By adding quality control (QC) samples and adding internal standards into samples, method-accuracy drifts can be followed adequately over time and be corrected for using both the internal standards and the QC samples [66] .
QC samples should be theoretically identical biological samples, with a metabolic and sample matrix composition similar to those of the biological samples under study. Two types of QC sample can be considered:
1. pooled QC in which small aliquots of each (or a few) biological sample to be studied are pooled and thoroughly mixed; and,
2.
commercially available biofluids composed of multiple biological samples not present in the study [67] .
With respect to the frequency of QC-sample injections, 3-25 injections of samples between each QC injection were reported [67] [68] [69] [70] [71] [72] [73] [74] [75] . As a compromise, the injection of QC samples after every 10 samples seems to be reasonable.
QC samples provide a measure of within-series and between-series repeatability. Using such QC-drift analysis, inconsistent metabolic features with excessive drifts in signal, retention times or accurate masses can be removed in the data-processing step prior to statistical analyses. The QC sample is applied for four reasons:
1. to test for method suitability within control limits before samples are analyzed;
2. to provide data to calculate technical precision within each analytical series;
3. to provide data to use for signal correction within and between analytical series; and,
4.
for standardization if community QC samples, such as NIST plasma, are used.
In addition, each series of samples should contain procedural blanks as well as "no injection" analyses. Procedural or method blanks enable monitoring of potential contamination originating from extraction or resuspension solvents or from extraction materials (e.g., tubes or pipette tips). However, "no injection" analyses can be used to check the quality of solvents used for mobile phases as well as during the real acquisition for carry-over monitoring. During the method-development phase, maximum injections per LC column should be evaluated by monitoring the peak shape of the internal standard and selected native lipids. For such native lipids, it is convenient to evaluate column performance based on partially separated isomers. If chromatographic resolution of some "critical pairs" decreases, the column should be replaced. To protect the LC column, the use of guard columns is highly recommended. Nevertheless, information on the maximum number of injections per column should be determined prior to starting large-scale lipidomics cohort studies, so that columns can be exchanged before problems with data acquisitions occur. Instrument maintenance, such as ion-source cleaning, must be conducted on regular basis to avoid decreases of signal intensities in large-scale lipidomics studies.
Highlights of recent lipidomics studies
Here, we briefly highlight some recent applications of lipidomics conducted with the technologies described above. The lipidomic profiles from body fluids, animal and plant tissues, or cells provide a global snapshot of lipid concentrations in a particular biological sample at specific physiological state, time or intervention response.
Orešič et al. [76] focused on UHPLC-MS analysis of lipids in blood samples of 679 wellcharacterized individuals in whom liver-fat content was measured using proton magnetic resonance spectroscopy or liver biopsy. Individuals with non-alcoholic fatty-liver disease In a second study, the effect of trans fatty-acid intake on LC-MS plasma profiles was studied by Gurdeniz et al. [77] in a double-blinded randomized controlled parallel-group study involving 52 overweight post-menopausal women. This study demonstrated that intake of trans fatty acids affects phospholipid metabolism. The trans fatty-acid markers, PC(trans18:1/20:3), PC(trans18:1/22:4) and PC(trans18:1/22:5), preferentially integrated trans18:1 into the sn-1 position while PUFA was in the sn-2 position. This observation could be explained by a general up-regulation in the formation of long-chain PUFAs after trans fatty-acid intake and/or by specific mobilization of these fatty acids into PCs.
The hypothesis whether lipid profiling can inform the onset and the progression of type 2 diabetes was investigated by Rhee et al. [78] . LC-MS-based plasma-lipid profiling was performed on samples from 189 individuals, who developed type 2 diabetes, and 189 matched disease-free individuals. Lipids with lower carbon number and lower double bond content were associated with an increased risk of diabetes, whereas lipids with higher carbon number and double-bond content were associated with decreased risk. This pattern appeared to be most prevalent with TGs and did not change after multivariable adjustment for age, sex, body mass index, fasting glucose, fasting insulin, total TGs, and high-density lipoprotein cholesterol. Degenkolbe et al. [80] presented a comprehensive LC-MS analysis of the natural variation in the Arabidopsis thaliana lipidome and of the effects of cold acclimation in relation to leaf freezing tolerance. After 14 days of cold acclimatization at 4°C, the plants from most accessions had accumulated massive amounts of storage lipids, with most of the changes in long-chain unsaturated TGs, while the total amount of membrane lipids was only slightly changed. Nevertheless, major changes in the relative amounts of different membrane lipids were also evident. The relative abundance of several lipid species was highly correlated with the freezing tolerance of the accessions, allowing the identification of possible marker lipids for plant freezing tolerance.
Conclusions
Recent advances in LC-MS have revolutionized lipidomics analysis by simplifying the analytical protocol and by increasing the chromatographic separation power and sensitivity of detection. RPLC with positive electrospray and HRMS can now be seen as the "gold standard" for many lipidomics studies. The regular use of internal standards for quantifications means that lipidomics has a real chance of achieving a level of stability enabling inter-laboratory comparison in ring trials and direct comparisons of biological outcomes from different studies.
Future improvements in analytical sensitivity and in analytical instrumentation, including ion mobility, may reveal the presence of lipids that currently remain undetected. Automated data processing, data mining, and the accuracy of lipid annotations represent current challenges in untargeted LC-MS-based lipidomics, which need to be resolved using commonly accepted guidelines and pre-competitive ring trials.
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